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SOLIDS MASS SPECTROMETER 

by R. F. K. Herzog, W. P. Poschenrieder, H. J. Liebl and A. E. Barrington 
GCA Corporation 

SUMMARY 

The present report deals with constructional improvements of a solids 
mass spectrometer and perfections in experimental technique. The improvements 
and perfections have resulted in a new tool with exceptionally high sensitivity 
for the non-destructive analysis of solids. 

1 The methods employed for the successive reduction and final elimination 
of the instrumental background of the sputtering ion source and of the solids 
mass spectrometer are discussed in the initial sections. They include many 
refinements and innovations of vacuum technique; of particular importance 
was the utilization of spectroscopically pure structural materials in the 
ion source. 

The performance of the improved instrument is described in subsequent 
sections. It was possible to determine the sensitivity for the detection of 
trace elements with a series of doped semiconductor samples of accurate9 
known concentrations. rThe purity of these materials was greatly superior 
to other more coventional spectrographic standards such as graphite and 
platinum. 
range can be detected reproducibly and that this type of analysis is more 
sensitive than emission spectroscopy and neutron activation. 
of sensitivity was achieved by means of a novel electronic memory device. 
The analysis of greatest interest was the determination of the isotopic 
abundance ratio of lithium present in the parts per million range in the 
Holbrook meteorite. It was possible to examine a small section of this 
meteorite without any previous preparation. A direct surface analysis indicated 
an extremely inhomogeneous distribution of lithium. Furthermore, the isotopic 
abundance ratio fluctuated between the wide limits of 27:l to 9:1, whereas, 
the abundance ratio of terrestrial comparison samples was close to the accepted 
value of 12:l. This analysis conclusively demonstrated the unique capabilities 
of the sputter-ion technique for mass spectrometric analysis of geological 
specimens . 

_ _ _  

It was established that trace elements in the parts per billion 

This high level 

The f i n a l  s e c t i o n  deals  with the design of a miniaturized solids mass 
spectrometer with a sputter-ion source for analysis of the lunar surface. 
The proposed specifications of the instrument are compatible with the payload 
requirements for a soft-landing lunar probe. 
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INTRODUCTION 

The d i r e c t  de te rmina t ion  of the chemical composition of s o l i d s  by means 
o t h e r  than w e t  q u a n t i t a t i v e  chemical a n a l y s i s  i s  p r e f e r r e d  i n  the  fol lowing 
cases : 

(1) When only  s m a l l  q u a n t i t i e s  are a v a i l a b l e  f o r  a n a l y s i s .  
(2) When non-des t ruc t ive  ana lys i s  i s  necessary.  
(3) When small amounts of t r a c e  elements are present .  
( 4 )  When the  composition of sur faces  and s u r f a c e  f i lms  is  t o  be analyzed. 
(5) When l i t t l e  t i m e  i s  ava i l ab le  f o r  a n a l y s i s .  
( 6 )  When i s o t o p i c  composition i s  of i n t e r e s t .  

The most widely used technique i s  t h a t  of emission spectroscopy where 
t h e  material t o  be analyzed is evaporated i n  a spa rk  d ischarge  and 
c h a r a c t e r i s t i c  l i n e s  of t h e  elements p re sen t  are recorded on a photographic 
f i lm.  This method is  r a p i d ,  bu t  a t  b e s t  accu ra t e  down t o  concent ra t ions  of 
trace elements between one and t e n  p a r t s  per  mi l l i on .  It cannot be used f o r  
s u r f a c e  s t u d i e s  and provides  no information regard ing  i s o t o p i c  composition. 
The requirement of t h e  spa rk  discharge r u l e s  ou t  non-des t ruc t ive  ana lys i s .  

Surface a n a l y s i s  down t o  100 par ts  per  m i l l i o n  can be  performed by 
record ing  t h e  c h a r a c t e r i s t i c  X-ray spectrum when a su r face  i s  bombarded by 
a penc i l  of high-energy e l e c t r o n s .  Since such an  e l e c t r o n  beam can be 
focussed t o  a diameter  of t he  order  of microns, ve ry  small areas can be 
i l l umina ted  i n  t h i s  manner. The method i s  non-des t ruc t ive ;  however, t h e  
s p e c t r a  can g ive  no information about i s o t o p i c  composition. The i d e n t i f i c a -  
t i o n  of l i g h t  elements i s  complicated by the  low i n t e n s i t y  of t h e i r  X-ray 
s p e c t r a .  Furthermore,  un le s s  samples are chemical ly  c l ean ,  s p e c t r a  are 
confused by l a y e r s  of impur i t i e s  due t o  handl ing o r  c u t t i n g  opera t ions .  

The most s e n s i t i v e  method which provides t h e  maximum amount of informa- 
t i o n  i s  mass spectrometry.  Ins tead  of t he  e x c i t a t i o n  of atoms and t h e  
record ing  of t h e i r  c h a r a c t e r i s t i c  r a d i a t i o n  i n  t h e  o p t i c a l  o r  X-ray range 
of wavelengths,  t he  atoms are vaporized,  ion ized ,  and separa ted  according 
t o  t h e i r  mass-to-charge r a t i o .  Ions of a p a r t i c u l a r  spec ie s  are then  
c o l l e c t e d  and counted. 

I n  t h e  convent ional  s o l i d s  mass spectrometer ,  t h e  material t o  be 
analyzed i s  evaporated i n  a spark  discharge.  
a n a l y s i s .  Furthermore,  because t h i s  type of d i scharge  is  not s t a b l e ,  t h e  
product ion of ions varies wi th  time. Thus, t h e  i n t e n s i t y  of a given i o n i c  
s p e c i e s  can be  measured only by using a photographic i n t e g r a t i n g  technique. 
However, trace elements can be de tec ted  i n  p a r t s  per  b i l l i o n  and accu ra t e  
informat ion  regard ing  i s o t o p i c  composition can be obtained.  

This  r u l e s  out  non-des t ruc t ive  
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The mass spectrometer p r i n c i p l e  has  been extended by us  s o  i t  can  a l s o  
be app l i ed  t o  non-destruct ive t e s t i n g  and t o  s u r f a c e  a n a l y s i s .  
vapor iz ing  t h e  material t o  be  analyzed i n  a spa rk  d ischarge ,  t he  su r face  of 
t he  test  sample is bombarded by a beam of 10 kV i n e r t  gas ions .  It is  w e l l  
known t h a t  atoms of a s u r f a c e  bombarded by e n e r g e t i c  i ons  are vaporized o r  
spu t t e red .  When the  energy of t he  bombarding ions  i s  s u f f i c i e n t l y  high,  a 
s i g n i f i c a n t  percentage of t h e  atoms spu t t e red  from t h e  su r face  i s  ion ized .  
A por t ion  of t h e s e  ions  can be focussed i n t o  a mass spectrometer  ana lyzer  
and separa ted  according t o  t h e i r  mass-to-charge r a t i o .  
area w a s  descr ibed i n  the  F i n a l  Reports of Cont rac t  JPL 950118 (Phase I: 
31  J u l y  1961 - 28 January 1962, Phase 11: 29 January - 15 November 1962) 
and JPL 950576 (29 March - 30 September 1963). 

In s t ead  of 

Earlier work i n  t h i s  

The s p u t t e r i n g  process  which works w i t h  conducting and non-conducting 
materials r e s u l t s  i n  a "peeling" of su r face  atoms, so  t h a t  success ive  
monolayers are spu t t e red  and ion ized .  The maximum s p u t t e r i n g  r a t e  achieved 
s o  f a r  i s  approximately 200 monolayers per second o r  80 p per  hour ,  over an 
area of 0.25 m d .  
t u r n ,  lowers t h e  s p u t t e r i n g  rate.  

It i s  p o s s i b l e  t o  en la rge  t h e  bombarded area, which, i n  

Surface ion iza t ion  by s p u t t e r i n g  has several advantages over o the r  

(1) N o  spec ia l  c l ean ing  procedure of t h e  sample i s  requi red .  

methods of s o l i d s  ana lys i s .  

Samples 
are introduced i n t o  an e a s i l y  a c c e s s i b l e  vacuum chamber and bombarded by a 
beam of i n e r t  gas ions ,  which "cleans" o f f  s u r f a c e  l a y e r s  depos i ted  by 
handl ing o r  cu t t i ng .  Such su r face  l a y e r s  produce s p e c t r a  c o n s i s t i n g  of 
hydrocarbon peaks and alkali metals. Usual ly ,  such impur i t i e s  are s p u t t e r e d  
away very r ap id ly .  

(2) Sput te r ing  is e f f e c t i v e  f o r  conductors and non-conductors. 

(3) It i s  poss ib le  t o  s tudy  t h e  composition of t h i n  s u r f a c e  f i lms  and 
t o  determine changes of composition w i t h  depth.  

( 4 )  Because of t he  s t a b i l i t y  of t he  ion  source ,  i t  is  not  necessary  
Ins t ead ,  t h e  t o  o b t a i n  s p e c t r a  by i n t e g r a t i n g  w i t h  a photographic p l a t e .  

i n t e n s i t y  of t he  ion cu r ren t  can be measured d i r e c t l y  wi th  a n  e l ec t rome te r .  
Since the  ho r i zon ta l  sweep of an  X-Y recorder  i s  synchronized w i t h  t h e  c u r r e n t  
sweep of t he  magnetic m a s s  ana lyze r ,  a permanent record  of t h e  spectrum is  
obtained.  

The a n a l y t i c a l  instrument  incorpora t ing  t h i s  p r i n c i p l e  c o n s i s t s  of a 
primary source of noble gas ions ,  t h e  t a r g e t  chamber, a mass ana lyze r ,  and 
e l e c t r o n i c  ion  de tec to r .  
inch  mercury d i f f u s i o n  pump on the  t a r g e t  chamber. 
undes i rab le  depos i t ion  of hydrocarbon l a y e r s  on t h e  sample s u r f a c e ,  as has 
been shown t o  be nea r ly  i n e v i t a b l e  when o i l  pumps are used. 

The vacuum system c o n s i s t s  of a wel l - t rapped  s i x -  
This  prevents  t h e  

For the  same 
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reason ,  t he  primary ion  source i s  a l s o  pumped w i t h  a two-inch mercury 
d i f f u s i o n  pump. 
system i s  roughed from atmospheric pressure ,  a l i q u i d - n i t r o g e n  cooled 
z e o l i t e  s o r p t i o n  pump i s  used. 
combination of z e o l i t e  s o r p t i o n  t r a p  and t i t an ium s p u t t e r - i o n  pump, which 
can  ope ra t e  cont inuously f o r  many months and r e s u l t s  i n  except iona l  s t a b i l i t y  
of t h e  ion  d e t e c t o r .  

I n  o rde r  t h a t  o i l  contamination may be  avoided when t h e  

The ana lyzer  s e c t i o n  i s  pumped by a unique 

The system is  ready f o r  opera t ion  about 10 minutes a f t e r  t h e  Sam l e  i s  
introduced i n  the  t a r g e t  chamber, which i s  r e a d i l y  evacuated below lo-' Torr .  
A low vol tage  arc i s  then  i n i t i a t e d  i n  t h e  ion  source which is  maintained 
a t  about 10-2 Torr  from a noble gas r e s e r v o i r  (Argon, Xenon, e t c . ) .  
a r c  i s  s t rong ly  c o n s t r i c t e d  by a n  a x i a l  magnetic f i e l d ,  so  t h a t  a very  dense 
plasma i s  c rea t ed  along t h e  axis near t he  anode. 
anode, an in t ense  beam of noble gas ions i s  e x t r a c t e d  and acce le ra t ed  by 
a c o n i c a l l y  shaped e l ec t rode .  I n  t h i s  manner, an  ion  beam of about 1 m a  of 
s m a l l  c ros s - sec t iona l  area i s  obtained. The beam bombards the  t a r g e t  a t  an 
obl ique  angle  of incidence - t h i s  causes a h igher  rate of s p u t t e r i n g  than  
normal impact. 
i n e r t  gas such as argon, no chemical r e a c t i o n  occurs  and t h e  t a r g e t  remains 
uncontaminated. 

The 

Through a pinhole  i n  t h e  

Because t h e  bombarding beam c o n s i s t s  of ions of a chemical ly  

The secondary ions of su r face  material produced i n  th i s  manner are 
focussed e l e c t r o s t a t i c a l l y  i n t o  a double-focussing mass spectrometer  where 
they  are separa ted  i n  a magnetic s e c t o r  according t o  t h e i r  momentun-to- 
charge r a t i o  and are subsequent ly  so r t ed  according t o  t h e i r  energy by an 
e l e c t r o s t a t i c  ana lyzer .  The i n t e n s i t y  of t h e  ion  c u r r e n t  corresponding t o  
a g iven  mass peak i s  measured e l e c t r o n i c a l l y .  A spectrum i s  obtained when 
t h e  p o t e n t i a l  through which the  sur face  ions are acce le ra t ed  i s  changed o r  
when t h e  magnitude of t h e  magnetic f i e l d  a t  cons t an t  ion  a c c e l e r a t i n g  p o t e n t i a l  
i s  changed. A permanent record  of t h e  spectrum i s  obta ined  by synchronizing 
t h e  h o r i z o n t a l  sweep of an  X-Y recorder  w i th  the  parameter va r i ed  and making 
t h e  ver t ica l  d e f l e c t i o n  propor t iona l  t o  t h e  ion  cu r ren t .  
logar i thmic  read-out  i s  a v a i l a b l e ;  t h e  logar i thmic  scale covers  over s i x  
o r d e r s  of magnitude. Trace c o n s i t u t e n t s  i n  p a r t s  per  m i l l i o n  can 
then  be recorded d i r e c t l y .  For smaller  concent ra t ions ,  it i s  necessary t o  
u t i l i z e  a D i g i t a l  Memory Osci l loscope.  
instrument  by a t  l eas t  two o rde r s  of magnitude. 

A l i n e a r  o r  a 

It extends t h e  s e n s i t i v i t y  of t h e  

I n  order  t o  achieve t h i s  performance which w a s  the goal  of t h e  present  
i n v e s t i g a t i o n  many innovat ions had t o  be made. These inc lude  advances i n  
vacuum technique,  ref inements  of the gas  i n l e t  system and of t h e  ine r t -gas  
ion  source ,  and t h e  use of recording techniques u t i l i z i n g  the  above mentioned 
electi-oiilc iilemcicy device.  

Numerical values  of t he  de t ec t ion  l i m i t  were determined from spec t ro -  
s c o p i c a l l y  pure materials wi th  accu ra t e ly  known trace impur i t i e s  i n  t h e  p a r t s  
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per  b i l l i o n  range. 
s a t i s f y  these  s t r i n g e n t  requirements ,  i s  h igh -pur i ty  s i l i c o n  doped w i t h  
boron. 

A most use fu l  material, and a t  p re sen t  t h e  only one t o  

The major po r t ion  of t h e  present  r e p o r t  d e a l s  wi th  d e t a i l s  of i n s t r u -  
mental technique and inc ludes  many novel experimental  da t a .  

On the  b a s i s  of the  wide experience gained w i t h  t h e  present  instrument ,  
a des ign  f o r  a lunar  su r face  ana lyzer  i s  proposed i n  t h e  f i n a l  s ec t ion .  
The ana lyzer  would perform i n - s i t u  a n a l y s i s  of t h e  luna r  su r face .  

6 



REDUCTION OF INSTRUMENTAL BACKGROUND 
i 

A s  s t a t e d  i n  the  F i n a l  Report of JPL Contract  950576, t he  ins t rumenta l  
performance of t he  s p u t t e r i n g  source s o l i d s  mass spectrometer  showed g r e a t  
promise f o r  t r a c e  ana lyses .  However, f u l l  understanding of t he  behavior  of 
t h e  ion  source and an eva lua t ion  of the o v e r a l l  s e n s i t i v i t y  of t h i s  a n a l y t i c a l  
method were not  poss ib l e  because the  ins t rumenta l  background was too  high.  
One of t he  major ob jec t ives  of t h e  present  i n v e s t i g a t i o n  was the  r educ t ion  
and, i f  poss ib l e ,  t o t a l  e l imina t ion  of t h i s  background. 

Background Spec t ra  with Elec t ron  M u l t i p l i e r  

In order  t o  improve the  s e n s i t i v i t y  of t he  e x i s t i n g  mass spectrometer  
f o r  trace a n a l y s i s ,  w e  equipped the  mass analyzer  wi th  a twenty-stage 
e l e c t r o n  m u l t i p l i e r  of t he  Van Allen type.  Figure 1 shows a p l o t  of 
m u l t i p l i e r  ga in  versus  vol tage  across  the  dynode cha in ,  using an imput c u r r e n t  
of 5 x 1 0 - 1 4 ~  of AI+ ions .  

F igures  2 t o  5 show secondary ion s p e c t r a  obtained from t h e  bombardmentof 
The impur i t i e s  of t he  t a r g e t  were c e r t i f i e d  a s i lver  t a r g e t  w i th  argon ions .  

t o  be less than  1 ppm. 
m u l t i p l i e r  was fed  i n t o  a v i b r a t i n g  reed e lec t rometer ;  t he  output  vo l t age  of 
t h e  e l ec t rome te r  w a s  d i sp layed  as the Y-coordinate of an X-Y recorder .  
s p e c t r a  cover the  mass range up t o  approximately 160 AMU. The secondary ion  
a c c e l e r a t i n g  f i e l d  and the  e l e c t r o s t a t i c  d e f l e c t i n g  f i e l d  were scanned 
p r o p o r t i o n a l l y  t o  cover t h e  mass range. 
trace i s  propor t iona l  t o  the  secondary ion  a c c e l e r a t i o n  vo l t age  V ,  t h e  mass 
scale inc reases  from r i g h t  t o  l e f t  according t o  the  express ion  MV = cons tan t ,  
which holds  f o r  a l l  ions of mass M moving along the  same path i n  a cons tan t  
magnetic f i e l d .  Fu r the r ,  t he  s e n s i t i v i t y  decreases  from r i g h t  t o  l e f t ,  
s i n c e  t h e  ion  c o l l e c t i o n  e f f i c i e n c y  decreases  as the  ion  a c c e l e r a t i n g  vol tage  
i s  reduced during the  scan. 

The m u l t i p l i e r  ga in  w a s  lo5 .  The output  of t he  

The 

Since t h e  X-coordinate of t h e  recorder  

The background peaks appearing on the  s p e c t r a  can be considered t y p i c a l .  
Many peaks are e a s i l y  i d e n t i f i e d ,  such as t h e  elements C+, Na+, Mg+, A l + ,  Si+, 
K', Fe+, Cu+, and, of course Ar+ and Ar2+. 

The i d e n t i t y  of t h e  ma jo r i ty  of t he  background peaks,  however, remains 
u n c e r t a i n ;  they  most l i k e l y  are fragmentation products of var ious  hydrocarbon 
molecules which stem from the  pump o i l  o r  from grease  i n  the  gas i n l e t  
system c a r r i e d  along wi th  t h e  argon. 

Regarding the  d i s t i n c t  elemental  impuri ty  peaks, i t  must be assumed 
t h a t  they  a rose  from depos i t s  on the t a r g e t  su r f ace .  Such depos i t s  must b e .  
expected i f  o the r  su r faces  i n  t h e  ion source are bombarded by the  primary 
beam causing s p u t t e r i n g  and i f  some of t h i s  spu t t e red  material is depos i ted  
on t h e  t a r g e t .  

7 
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Figure 1. Multiplier gain versus dynode-chain voltage. 
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Reduction of t he  background requi red  several c o r r e c t i v e  s t e p s .  These 
included the  r ebu i ld ing  of t h e  ion  source wi th  s p e c t r o s c o p i c a l l y  pure 
materials and improving t h e  ion o p t i c s ,  e l imina t ing  the sources  of hydro- 
carbons i n  the  pumping system and i n  t h e  gas i n l e t  system, and improving 
t h e  manipulation procedure of t h e  t a r g e t s .  

Improvements of Ion Source 

P a r t s  i n  con tac t  w i t h  o r  c lose  t o  the  primary ion  beam are t h e  duoplas- 
matron anode which c a r r i e s  t h e  e x t r a c t i o n  o r i f i c e ,  t h e  apex of t h e  ion  
e x t r a c t i o n  and a c c e l e r a t i n g  e l ec t rode ,  t h e  ape r tu re  p l a t e  a t  the  e x i t  of t h e  
e i n z e l  l e n s ,  t h e  beam adjustment p l a t e s  and t h e  t a r g e t  e l e c t r o d e  (Figures 6 and 7). 
Tantalum w a s  chosen f o r  t h e s e  p a r t s  because i t s  high h igh  mass number 
(181-abundance 100%) causes l i t t l e  i n t e r f e r e n c e  w i t h  o t h e r  mass peaks, because 
i t  has  a low s p u t t e r i n g  e f f i c i e n c y  and because it  is  a v a i l a b l e  i n  h igh  p u r i t y .  
The atomic mass of t h e  tantalum ion and i t s  polymers i s  w e l l  beyond the  mass 
range of g r e a t e s t  i n t e r e s t .  

Replacing t h e  p l e x i g l a s s  i n s u l a t i o n  f lange  between the duoplasmatron and 
t h e  main housing by a f l ange  of pyrex g l a s s  avoided another  poss ib l e  back- 
ground source.  

The primary ion  o p t i c s  w a s  designed f o r  a smaller spo t  s i z e  and bet ter  
a d j u s t a b i l i t y .  Two of t h e  three e l ec t rodes  of t h e  e i n z e l  l e n s  are a d j u s t a b l e  
by f i n e  screw threads  f o r  p r e c i s e  a x i a l  adjustment of t he  foca l  spo t  on the  
t a r g e t .  I n  a d d i t i o n ,  two p a i r s  of mutually perpendicular  p l a t e s  mounted 
a t  the e x i t  of t h e  e i n z e l  l e n s  permit t r ansve r se  adjustment of t h e  beam. 
(See Figure 6 . )  

The t a r g e t s  t o  be  analyzed a re  mounted on a tantalum ba r  conta in ing  0.1% 
niobium as the  major impurity (which i s  r e a d i l y  de t ec t ed  during a s p u t t e r  
a n a l y s i s ) .  
o u t e r  of two concent r ic  s t a i n l e s s  s t e e l  tubes.  A d r i v e  nut  provides axial  
motion and two crossed  d o v e t a i l s  provide transverse motion. A f l e x i b l e  vacuum 
seal i s  provided by a welded s t a i n l e s s  s t e e l  bellows. The t a r g e t  may be 
cooled by a f l u i d  which flows i n  the two concent r ic  tubes (Figure 8), however, 
t h i s  has not  been found t o  be necessary.  

The ba r  i s  a t t ached  t o  a ceramic bushing which is welded t o  t h e  

A viewing por t  permits observa t ion  of t he  primary beam; whi le  under ion  
bombardment, t h e  t a r g e t  su r f ace  can be  inspected through a mir ror  arrangement 
and a t e l e scope .  The i o n  source  assembly i s  shown i n  F igure  9 .  

A l l  greased stopcocks were eliminated from the  gas i n l e t  system. The 
argon passes through a l i q u i d  n i t rogen  t r a p  before  i t  i s  admitted through 
a micrometer-controlled metering valve i n t o  t h e  duoplasmatron. 
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Figure  9.  Spu t t e r ing  i o n  source .  
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Improvement of t he  Vacuum System 

The vacuum system was r e b u i l t  w i t h  a 6-inch mercury d i f f u s i o n  pump 
trapped wi th  a l i qu id -n i t rogen  cooled b a f f l e .  
i n s t a l l e d  above the l i qu id -n i t rogen  b a f f l e .  Ta rge t s  can now be changed 
r e a d i l y  by c los ing  the  b u t t e r f l y  va lve  and ven t ing  t h e  system t o  an atmosphere 
of d ry  n i t rogen .  The mercury pump i s  backed by a mechanical forepump. As 
cons t ruc t ed  i n i t i a l l y  t h e  t a r g e t  chamber could be rough-pumped by t h e  mechanical 
forepump v i a  a by-pass l i n e .  Since t h i s  procedure l eads  t o  contamination by 
forepump o i l ,  rough-pumping of t he  t a r g e t  chamber and duoplasmatron ion  source  
i s  now performed by a va lveable  z e o l i t e  forepump. 

A b u t t e r f l y  va lve  was 

The mass analyzer w a s  equipped w i t h  two 15 l i t e r l sec  s p u t t e r - i o n  pumps. 
Since t h e  analyzer can be valved o f f  from t h e  t a r g e t  chamber dur ing  t a r g e t  
changes, i t  never i s  exposed t o  atmospheric p re s su re  a t  any t i m e .  The ion  
pum s ope ra t e  continuously and main ta in  the  p re s su re  i n  the  ana lyzer  below 
10-7 Torr .  

18 



PERFORMANCE OF IMPROVED ION SOURCE 

Arranging the  two o u t e r  e l ec t rodes  of the  e l e c t r o s t a t i c  e i n z e l  l e n s  so  
t h a t  t h e  smallest image is  produced w i t h  the  c e n t e r  e l e c t r o d e  a t  the  f u l l  
p o t e n t i a l  of t h e  duoplasmatron anode s i m p l i f i e d  t h e  power supply f o r  t he  
primary beam. The cen te r  e l e c t r o d e  can thus  be connected i n t e r n a l l y  t o  t h e  
duoplasmatron anode. 
of t h e  image on the  t a r g e t  i s  0 .3  nun, which is the  t h e o r e t i c a l  minimum. The 
diameter  of t he  ion  e x i t  ho le  i n  the duoplasmatron anode i s  0.25 mm and t h e  
imaging r a t i o  equals  1 : 1 . 2 .  

With an a c c e l e r a t i o n  vol tage  of 10 kV, the  diameter 

F igure  10 shows seve ra l  t a r g e t s  a f t e r  prolonged bombardment wi th  a 10 kV, 
50 microamperes beam of argon ions .  The angle  of incidence a t  t h e  t a r g e t  
w a s  30°. 
t ape red  hole ,  0 .5  mm deep. The cadmium sample was bombarded near  t he  edge 
f o r  1% hours and w a s  pene t ra ted  by the beam. 
were bombarded i n t e r m i t t e n t l y  a t  var ious  su r face  l o c a t i o n s ,  t he  copper 
t a r g e t  f o r  about one hour,  t he  tantalum t a r g e t  f o r  several hours .  

The s i l v e r  sample was bombarded f o r  2% hours ,  r e s u l t i n g  i n  a 

The tantalum and copper t a r g e t s  

Although the  samples were not  cooled during these  runs ,  even wi th  the  low 
mel t ing  cadmium (321OC) no mel t ing  has occurred,  s i n c e  the  edges and walls 
of t h e  hole  have a sharp  and c r y s t a l i n e  appearnace,  un l ike  t h a t  of metal 
s o l i d i f i e d  from the  l i q u i d  s t a t e .  This i s  a l s o  i l l u s t r a t e d  by the  furrows 
v i s i b l e  on t h e  spu t t e red  copper sur face .  A s  was t o  be expected,  t he  tantalum 
had a much lower t o t a l  s p u t t e r i n g  y i e ld  than  t h e  o the r  metals. 

The spot  on the  t a r g e t  can be moved from the  a x i s  i n  e i t h e r  d i r e c t i o n  
over about one mm wi th  t h e  two p a i r s  of mutually perpendicular  d e f l e c t i o n  
p l a t e s  which the  primary beam passes a f t e r  t he  e i n z e l  l e n s .  This  adjustment 
i s  used i n  p r a c t i c e  t o  l i n e  up the  spot wi th  the  a x i s  of t he  secondary ion  
o p t i c s ,  i n  order  t h a t  t h e  maximum y ie ld  of t h e  mass ana lyzer  may be obtained.  
The t a r g e t  can be moved dur ing  opera t ion  perpendicular  t o  i t s  su r face ,  which 
permi ts  compensation f o r  d i f f e r e n t  t a r g e t  t h i cknesses ,  and i n  two mutually 
perpendicular  d i r e c t i o n s  p a r a l l e l  t o  i t s  su r face ,  which f a c i l i t a t e s  exposing 
d i f f e r e n t  areas of t he  su r face  t o  the primary beam. 

The beam i n t e n s i t y  can be var ied between 30 pA and 120 pA by v a r i a t i o n  
of t h e  a r c  supply vo l t age .  
of t h e  primary beam i n t e n s i t y  i n  an e s s e n t i a l l y  l i n e a r  manner, as can be 
seen  i n  F igure  11. This  i s  i n  con t r a s t  t o  a hypothesis  t h a t  t he  secondary 
ions  might be formed by i o n i z a t i o n  of spu t t e red  n e u t r a l s  by the  primary beam, 
which would c a l l  f o r  a square law dependence of t he  secondary ion  i n t e n s i t v  
from t h e  primary beam i n t e n s i t y .  The curve a c t u a l l y  slopes t h e  oppos i te  way, 
D V & L ~  LUUIU 

The secondary ion  i n t e n s i t y  follows the  v a r i a t i o n  

.-I.-- ----'I 3 * the r e s u l t  of beam spreading w i t h  h igher  i n t e n s i t y .  
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F i g u r e  10. T y p i c a l  sputter craters. 
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ELIMINATION OF RESIDUAZ, INSTRUMENTAL BACKGROUND 

Following the  improvements i n  the  Ion Source and the  i n s t a l l a t i o n  of 
a vacuum system f r e e  of organic  pumping f l u i d s ,  t he  ins t rumenta l  background 
w a s  reduced s u f f i c i e n t l y  so t h a t  t r ace  elements i n  t h e  pa r t s  per  m i l l i o n  
range could be de t ec t ed  f o r  t he  f i r s t  t i m e .  However, t he  background spectrum 
s t i l l  contained seve ra l  unexplained mass peaks and base - l ine  i n s t a b i l i t i e s .  
The i d e n t i f i c a t i o n  of the  sources  of t h i s  r e s i d u a l  background and the  va r ious  
s t e p s  taken f o r  i t s  e l imina t ion  cons t i t u t ed  a major e f f o r t  during the  program. 

Primary Ion Beam 

I n  order  t o  produce c l ean  spec t r a  from t a r g e t s  by ine r t -gas  ion bombardment, 
i t  i s  e s s e n t i a l  t h a t  the  primary high-energy ion  beam i s  f r e e  of contaminants.  
Unless t h i s  condi t ion  i s  f u l f i l l e d ,  i t  i s  poss ib l e  f o r  such contaminants t o  be 
spu t t e red  and ionized toge ther  wi th  t h e  t a r g e t  material .  Since these  contami- 
nants  have t o  be excluded from t h e  t r a c e  a n a l y s i s ,  i t  i s  of p r ime  importance 
t o  have the  primary beam as pure as  poss ib l e .  

The composition of t h e  primary beam can be examined bv the  fol lowing 
method. Af te r  adjustment of a l l  the c o n t r o l s  f o r  maximum output  of t he  main 
t a r g e t  peak, t he  mass ana lyzer  i s  tuned t o  the  mass 40 peak of argon. Then 
t h e  primary beam a c c e l e r a t i n g  vol tage  i s  reduced u n t i l  the  output  shows a 
sharp  maximum. This  happens, when the  primary beam vol tage  equals  the  t a r g e t  
vo l t age ,  because then  t h e  f i e l d  i n  f r o n t  of t he  t a r g e t  a c t s  as an  "ion mir ror"  
and r e f l e c t s  t he  ions .  A good f r a c t i o n  of t he  ions are acce le ra t ed  by the  
secondary ion  o p t i c s  and analyzed in  t h e  mass spectrometer .  

The primary beam de l ive red  by the o i l - coo led  duoplasmatron showed many 
background peaks (Figure 1 2 ) ,  mainly hydrocarbons. A c lose  in spec t ion  of t he  
duoplasmatron a f t e r  prolonged opera t ion  revea led  t h e  fol lowing s i t u a t i o n :  The 
c i r c u l a r  channel which c a r r i e d  t h e  coolant  was sea led  aga ins t  the  a r c  chamber 
by two Viton "0"-rings which w e r e  compressed between a smooth m e t a l l i c  and a 
pol i shed  ceramic su r face  (See Figure 1 of F i n a l  Report Contract  N o .  950576). 
Even though these  seals are vacuum t i g h t ,  as t e s t e d  wi th  a helium l e a k  
d e t e c t o r ,  they  d id  not  prevent  t h e  t ransformer o i l ,  used as coolan t ,  from 
creeping  through i n t o  t h e  a r c  chamber. A r a d i c a l  remedy f o r  t h i s  s i t u a t i o n  
w a s  t h e  replacement of t he  o i l -cooled  duoplasmatron by an a i r - coo led  ve r s ion  
of otherwise very  similar cons t ruc t ion .  
g r e a t l y  reduced thereby ,  and above mass 65, completely e l imina ted .  

The hydrocarbon background w a s  

The next  suspect  r e spons ib l e  f o r  t he  remaining impur i t i e s  i n  the  primary 
beam w a s  t he  f i l amen t .  
( . 0 0 4  inch w i r e )  which w a s  c u t  i n t o  %-inch by 2-inch s t r i p s ,  r o l l e d  up, 
soaked i n  the  chemical R-500, a suspension of barium carbonate i n  n-butyl  

which reduces the  barium carbonate t o  barium oxide and supposedly decomposes 
the  organic  b inde r .  It w a s  suspected t h a t  t h i s  type of f i lament  continued t o  
release hydrocarbons a f t e r  a c t i v a t i o n ,  and t h a t  t he  barium contained such 
impur i t i e s  as sodium and potassium which appeared i n  the  spectrum. 

The f i laments  were f a b r i c a t e d  from platinum mesh 

g n n t n t r .  "-a - L-.&--l - l - - L - l  d..<-A --.a &L-- - - & : - - - & - A  L-- t--*:-- 2 -  
VLLL-LC. OLLU L L - U U L ~ Y L  a ~ ~ u i i u ~ ,  UIICU, auu L L I C I L  a C L i v a L e u  uy L L ~ C & L L L L &  LLL VQC;UULII, 
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Consequently, this filament was replaced by a tungsten wire containing 
2% thorium. 
eliminated, the baffle electrode was lined with a thin-wall tantalum insert, 
and the anode was modified, such that all the walls in contact with or close 
to the arc are constructed of tantalum. The tungsten filament caused a 
significant reduction in the peak heights of low-mass hydrocarbon peaks. 
Although the tungsten filament operates at a higher temperature than the 
platinum mesh cathode, its life extends over many weeks, provided it is not 
exposed to oxygen when hot. 

Further, in order that the strong iron and copper peaks be 

The final step in obtaining a pure primary beam was the modification of 
the manner for the evacuation of the duoplasmatron. Initially, pumping was 
possible only via the ion beam exit hole of 0.25 mm diameter and consequently, 
the argon flow was very slow. To increase the proportion of argon over possible 
impurities we added a manifold for differential pumping by a liquid-nitrogen 
trapped 2-inch mercury diffusion pump. In this manner, the argon flow was 
increased by a factor of 50. 

The resulting spectrum of the primary beam is shown in Figure 13. Since 
we are dealing with an unbaked gas inlet system, water vapor has to be 
expected as the major contaminant. 
are extremely small. It appears that the water vapor is dissociated; the 
oxygen combines with carbon, presumably at the hot tungsten filament to 
form CO+ (the major contaminant peak) and C02+. 
combination with argon as the molecular ion AH+. 
indication of any hydrocarbon contamination left. 
which is normally a strong peak in most hydrocarbon spectra, is almost six 
orders of magnitude smaller than the peak at mass 40 (A+). Apart from Ta+, 
the structural material of the duoplasmatron, and small traces of carbon, 
oxygen and nitrogen, which may be present in the commercial High-Purity 
argon or be released by the structural materials, no other elemental peaks 
are present. The gaseous contaminants in the primary beam amount to only 
about one part in lo4; their contribution to the secondary spectrum is further 
reduced by several orders of magnitude. 

In fact, however, the H20+ and OH+ peaks 

The hydrogen appears in a 
There is practically no 
The peak at mass 15 (CH3+) 

Vacuum System 

It had been anticipated that the replacement of the oil diffusion pumps 
by sputter-ion pumps could create a problem'in that charged particles and 
ultraviolet light could escape from the Penning-type discharge in the pumps 
and introduce noise in the multiplier. Care had been taken, therefore, to 
connect these pumps at an angle with the analyzer housing and to install an 
s p t i c s l  b s f f l e  PC) t h a t  there w a s  no direct optical path between the pumping 
ports and the multiplier input. Nevertheless, it turned out that the operation 
of these pumps did introduce noise in the multiplier. 
with the pump mounted close to the multiplier, but even with the second pump 
mounted on the opposite end of the analyzer in which case ions are deflected 
and neutral particles or photons have to collide many times with the walls of 
the apparatus in order to reach the multiplier. 

This happened not only 
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The background s i g n a l  was not  a f f ec t ed  by t h e  s t rong  magnetic f i e l d  
(up t o  12,000 gauss) which is located between t h e  s p u t t e r - i o n  pump and t h e  
m u l t i p l i e r .  
decaying metas tab le  atoms which have a s u f f i c i e n t l y  long l i f e t i m e  t o  d i f f u s e  
i n t o  the  m u l t i p l i e r  s e c t i o n .  One immediate remedy was t o  shut  o f f  t h e  
s p u t t e r - i o n  pumps during an  experimental  run.  However, t h i s  procedure r e s u l t e d  
i n  an undes i r ab le  pressure  inc rease  i n  t h e  ana lyzer  s e c t i o n ,  which u l t i m a t e l y  
r e s u l t e d  i n  malfunct ioning of t he  m u l t i p l i e r .  

It was suspected t h a t  the no i se  was produced by photons from 

Adequate pumping during runs without e lec t r ica l  in t .e r fe rence  was obta ined  
wi th  a z e o l i t e  s o r p t i o n  pump (Figure 14) cons t ruc ted  wi th  t w o  p o r t s  f i t t e d  
wi th  f l anges  p r o f i l e d  f o r  bakeable copper shea r - sea l s .  One p o r t  was connected 
t o  a s p u t t e r - i o n  pump (15 l i t e r s / s e c ) ,  t he  o the r  t o  a l%- inch  valve wi th  a 
Viton-A seat.  

The zeolite-pump spu t t e r - ion  pump combination was f i r s t  evacuated by a 
The z e o l i t e  temperature wel l - t rapped  mechanical pump t o  less  than  loe4  Torr .  

was then  r a i s e d  t o  35OOC wi th  a s i m p l e  immersion h e a t e r  placed i n  the  w e l l  
provided as a l i q u i d  n i t rogen  r e s e r v o i r .  Evacuation continued u n t i l  t h e  
p re s su re ,  w i th  the  z e o l i t e  h o t ,  f e l l  below Torr .  The zeolite-pump s p u t t e r -  
ion-pump combination w a s  then  valved o f f  and disconnected from the  exhaust 
manifold.  The pressure  decreased t o  less than  Torr  when the  z e o l i t e  
cooled t o  room temperature ,  and t o  below Torr  when c h i l l e d  t o  l i q u i d  
n i t rogen  temperature.  

The z e o l i t e  pump w a s  then  connected t o  t h e  mass spectrometer ana lyzer ,  
bu t  t h e  connecting valve w a s  not opened u n t i l  t h e  analyzer  s e c t i o n  was 
evacuated by the  o the r  pumps (mechanical forepump, mercury-diffusion pump 
and 15 l i t e r / sec  s p u t t e r - i o n  pump) t o  less than  Torr .  

I n i t i a l l y ,  t h e  z e o l i t e  pump was opera ted  a t  l i q u i d  n i t rogen  temperature ,  
w i t h  t h e  s p u t t e r - i o n  pumps shut -of f  dur ing  a run.  As expected,  t he  noise  
i n  the  m u l t i p l i e r  was n e g l i g i b l e  and thus  t h e  s e n s i t i v i t y  of t he  machine 
was g r e a t l y  improved. The c h i l l e d  z e o l i t e  pump i s  e f f e c t i v e  f o r  a l l  gases  
except  hydrogen, helium, and neon; it i s  thus  e n t i r e l y  s u i t a b l e  f o r  t h e  
heav ie r  noble gases  such as argon, krypton and xenon which are used t o  bombard 
t h e  t a r g e t s  t o  be analyzed. 

It w a s  suspected,  however, t h a t  t h e  z e o l i t e  might be e f f e c t i v e  i n  
prevent ing  metas tab le  atoms produced by t h e  d ischarge  i n  the  s p u t t e r - i o n  
pump from reaching  t h e  ana lyzer .  This tu rned  out  t o  be t h e  case  and it i s  
now p o s s i b l e  t o  perform experiments wi thout  disconnect ing the  s p u t t e r - i o n  
nirmn r -....r . 
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ABSOLUTE SENSITIVITY OF THE SOLIDS MASS SPECTROMETER 

I n  order  t o  use t h e  instrument  fo r  quan ta t ive  chemical a n a l y s i s ,  i t  
is  necessary as a f i r s t  s t e p  t o  measure the  relative ion  y i e l d  of pure 
elements under bombardment by ions  of s u i t a b l e  gases  under otherwise i d e n t i c a l  
cond i t ions .  

The ion y i e l d s  of t h e  pure metals l i s t e d  i n  Table I were measured under 
bombardment wi th  8 kV Xenon ions and 8 kV Argon ions .  A se t  of t h r e e  
samples w a s  always mounted toge the r  wi th  one tantalum sample. The ion  y i e l d  
from the  tantalum sample was taken as a s tandard .  The e f f e c t  of v a r i a t i o n s  
of t h e  primary beam i n t e n s i t y  was el iminated by r e l a t i n g  the  peak he igh t s  of 
t he  t h r e e  samples t o  t h a t  of tantalum. The primary beam was kept  on while  
changing from one sample t o  t h e  next ,  and the  samples were ad jus ted  f o r  
maximum ion  y i e l d .  

Table I 

8 kV Xe’ 8 kV A r +  

Mg 
A 1  

Fe 

c o  

N i  

cu 

Zn 

Z r  

Nb 

Ag 

Cd 

I n  

Sn 

Ta 
Au 

Pb 

20.9 

7.2 

4.2 

1 . 5  

1 . 6 8  

.79 

.95 

.56 

.09 

.01 

.38 

1 . 6 7  

.72 

1 

.006 

3.0 

10 7 

790 

22.6 

3 . 2  

1.8  

2.4 

3 . 2  

3.0 

3 .7  

.94 

.ll 

5 .0  

1 

.008 

4 . 2  
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+ Comparison between the results from Xe+ and Ar bombardment shows that , 
in general, the spread in the sensitivities, or the so-called discrimination 
factor, is smaller for the heavier bombarding ion. This can be an advantage 
or disadvantage for the detection of trace impurities, depending on the 
elements involved. For instance, the detection limit of Al-traces in Ta is 
much larger, if the sample is bombarded with Ar+ instead of Xe+. 
for the detection of Ta-traces in Al, the use of Xe+ will provide the higher 
sens it ivit y . 

However, 

It has also been observed that use of Xe+ increases the number and intensity 
of complex molecules and fragments, as well as of multiply-charged ions. 
This complicates the spectrum and is therefore, in general, not desirable, 
unless the additional peaks are needed for the identification of the material 
and for the calibration of the mass scale, and provided they do not interfere 
with the peaks of trace components of interest. 

If the peak heights in the mass spectrum of any complex sample are 
divided by the sensitivity figures of Table I one obtains improved values of 
the concentration of the different constituents of the sample. 

It was expected that the composition of the surface layer of an alloy 
would differ from the bulk material because of the different sputtering 
rates of the components. Under equilibrium conditions, all components would 
be sputtered in proportion to their bulk concentration and the ratio of bulk 
to surface concentration would be proportional to the sputtering rates. Before 
attaining this equilibrium condition, a change of the relative peak heights 
was expected to occur; however, this effect has not been observed. It must 
be assumed, therefore, if a transient condition exists, it persists for only 
a short time and equilibrium is reached before the first mass spectrum is 
recorded. 
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CHEMICAL TRACE ANALYSIS 

Concurrently with the various phases of the contract during which the 
instrumental background was successively reduced and eventually eliminated, 
many tests were conducted to establish the sensitivity of the instrument 
for trace elements. Such tests included the analysis of Matthey's standard 
electrode rods of various metallic elements for optical spectroscopy and 
other NBS metal standards. In all cases, many impurity peaks were observed. 
Some of these corresponded to listed impurities, but their intensity was 
considerably larger than expected from the spectrographic analysis. Other 
peaks obtained with the mass spectrometer indicated the presence of elements 
which have not been detected at all by emission spectroscopy. The intensity 
of these background peaks was a reproducible characteristic for each 
particular sample, and, therefore, was not caused by instrumental background 
or by "memory effects". 

Thus, the determination of the detection limit for trace impurities was 
seriously hampered by the complexity of the impurity content of spectrographic 
standards and the uncertainty of their impurity concentration. This 
difficulty is common for all types of mass spectrometers for solids and 
prevents accurate determination of the sensitivity of such instruments. 
However, a measure of the detection limit can be obtained in special cases 
with a substance containing an impurity which is separated on the atomic mass 
scale from other elements and whose concentration can be determined accurately 
by another independent method. A good example is a doped semiconductor, such 
as boron-doped silicon or antimony-doped germanium. 

A series of tests was performed with boron-doped silicon either in the 
form of solar cells from the NASA, Goddard Space Flight Center (Dr. Fang) 
with the boron concentration varying as a function of depth from the surface, 
or, as homogeneous pellets, from the Dow-Corning Corporation, Hemlock, 
Michigan. 
Si2+ (14,14-1/2,15) , and Si3+ (9-1/3,9-2/3,10). 
isotopic peaks at 10 and 11, the latter being the major peak. A measure of 
the sensitivity of the mass spectrometer for boron in silicon can then be 
obtained by measurements of the relative peak heights of Bl1 and Si28 for 
known concentrations of boron. 

The spectrum of silicon includes the isotopic peaks of Si+(28,29,30) , 
The spectrum of boron has its 

In current industrial practice, the concentration level of boron is 
determined by a resistivity measurement. This method is accurate up to 50 ppm. 
Above this concentration level, errors by about a factor of 2 are possible. 
w i L l l l l l  t h i s  limit of uncertainty, however, a quantative evaluation of absolute 
sensitivity of the mass spectrometer for b o r m  i r z  silicon is possible. 
Measurements of doped silicon pellets containing boron from 2000 ppm to 40 pprn 
have shown that the absolute sensitivity of the mass spectrometer for boron 
is independent of the boron concentration. The sensitivity is seven times 

-. * LL -. - 
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smaller f o r  boron than  i t  is  f o r  s i l i c o n .  This  l i n e a r  response permits  an 
accu ra t e  q u a n t i t a t i v e  a n a l y s i s  of boron, A spectrum of s i l i c o n  con ta in ing  
40 ppm of boron i s  shown i n  F igure  15. 
t h e  magnitude of t h e  boron peak can no longer  be measured a c c u r a t e l y  dur ing  
a r e l a t i v e l y  f a s t  s i n g l e  scan.  The small arr ival  r a t e  of boron ions a t  t h e  
f i r s t  dynode of the  e l e c t r o n  m u l t i p l i e r  i s  s u b j e c t  t o  cons iderable  s t a t i s t i c a l  
f l u c t u a t i o n s  which makes i t  necessary  t o  i n t e g r a t e  over a s u f f i c i e n t l y  long 
t i m e  t o  c o l l e c t  an adequate number of ion  pu l ses .  This  i n t e g r a t i o n  can be 
performed most convenient ly  wi th  a D i g i t a l  Memory Osc i l loscope .  
of a p a r t i c u l a r  mass peak i s  recorded by repea ted  scanning over t he  peak and 
by adding au tomat ica l ly  t h e  output  cu r ren t  as a func t ion  of t he  mass. The 
random noise  i s  averaged by t h i s  method, b u t  t he  s i g n a l  amplitude inc reases  
above the  de t ec t ion  l i m i t .  The s to rage  process  i s  monitored wi th  an 
osc i l l o scope  which a l s o  d i sp lays  the  f i n a l  spectrum. E i t h e r  photographing 
the  osc i l loscope  d i s p l a y  o r  record ing  the  s t o r e d  d a t a  w i t h  the  X-Y r eco rde r  
g ives  a permanent record.  The spectrum i n  t h e  v i c i n i t y  of t he  B1l peak i n  
s i l i c o n  doped with 47 ppb of boron obtained i n  t h i s  manner i s  shown i n  
F igure  16. 

For smaller concent ra t ions  of boron, 

The magnitude 

The concent ra t ion  g rad ien t  of boron i n  a s o l a r  c e l l  w a s  measured over 
a th ickness  of 25 microns, as shown i n  F igures  1 7  and 18. The primary beam 
pene t r a t e s  slowly deeper and deeper i n t o  the  sample and the  cont inuously 
recorded peak height  a t  mass 11 rep resen t s  a p r o f i l e  of t he  boron concentra-  
t i o n  d i s t r i b u t i o n .  Since the  peak he ight  changes cont inuous ly  wi th  t i m e ,  
i t  w a s  no t  poss ib le  t o  use the  i n t e g r a t i o n  method. Therefore ,  the  d e t e c t i o n  
l i m i t  was i n  the  p a r t s  p e r  m i l l i o n  range.  The c a l i b r a t i o n  previous ly  obta ined  
from homogeneous s i l i c o n  samples  wi th  known boron concen t r a t ion  has been used 
t o  conver t  t he  observed peak he igh t s  i n t o  a c t u a l  boron concen t r a t ions .  

A conventional spec t roscopic  s tandard  c o n s i s t i n g  of spec t roscop ica l ly  
pure g raph i t e  wi th  a measured amount of a f e w  c a r e f u l l y  chosen t r a c e  elements 
can a l s o  be used f o r  c a l i b r a t i o n .  A t  no po in t  on t h e  atomic mass s c a l e  should 
t h e i r  d i s s o c i a t i o n  products o r  t h e i r  mult iply-charged ions over lap .  This  
cond i t ion  i s  w e l l  s a t i s f i e d  f o r  most elements i n  Groups I, I I I A ,  and V of t he  
pe r iod ic  t a b l e .  The o the r  groups r e q u i r e  r e s t r i c t i o n s  t o  fewer elements if 
over laps  are t o  be prevented. 

Before meaningful c a l i b r a t i o n s  wi th  g raph i t e  s tsdards  can be made, i t  
i s  necessary  tc check the p u r i t y  of t h i s  mat r ix .  The g r a p h i t e  chosen is  
type SP-1 of the  Nat ional  Carbon Company of Union Carbide,  Laboratory Number 90. 
Table I1 shows t h a t  on ly  Mg,  A 1  and S i  had been de tec t ed  by emission 
spectroscopy.  However, the  s p u t t e r  source mass spectrometer  showed a l a r g e  num- 
ber  of a d d i t i o n a l  peaks (Figure 19). Because of t h i s  discrepancy,  t h e  mater ia l  w a s  
a l s o  analyzed independently by two ou t s ide  l a b o r a t o r i e s  w i th  neutron a c t i v a t i o n .  
This  method is  very w e l l  s u i t e d  t o  the  present  a n a l y s i s  s i n c e  carbon does 
not  become a c t i v e  and does not  have t o  be sepa ra t ed  chemical ly .  Only N a  and 
C 1  w e r e  de t ec t ed  by t h i s  method, b u t  t h e  r e s u l t s  f o r  N a  from t h e  two l abora -  
t o r i e s  d i f f e r e d  by more than  an order  of magnitude. It should be mentioned 
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Figure 16. Spectrum of silicon doped with 47 ppb of boron 
(linear peak amplitude scale). 
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ppm 
Jnion Carbide 

TABLE I1 

ANALYSIS OF GRAPHITE POWDER SP-1 

Atomic 
’=enera1 Atomic 

scopy ppm Atomic 

H 

0 

N a  

S I _  - -v 

A I  

S i  

c1 

K 

C r  

Fe 

cu  

Zn 

I n  

0.05 

0 . 1  

0.08 

4 . 3  

19 .0  

< 0 .3  

< 0.014 

< 0.13 

< 0.007 

0 .34  

9.0 

< 0.08 

< 0.08 

< 2.9 

< 0.14  

< 

S p u t t e r  Source 
Iass Spectrometry 
:u r r en t  r a t i o  pprn 

29 

13 

150 

+ 
Masked by C2 peak 

1 

1 

26 

190 

8 

6 

29 

9 

1 



that the elements found by emission spectroscopy were not found by neutron 
activation analysis, and vice versa. The neutron activation data for the 
elements other than sodium and chlorine in Table I1 indicate that the 
presence of those elements in the graphite matrix was below the detection 
limit of the method. 
is the more sensitive detector of trace impurities. Quantitative evaluation 
of the current ratios in terms of the actual concentrations would require an 
individual calibration, which has not yet been performed. 
that the quantitative results of the two other analytical methods, emission 
spectroscopy and neutron activation are not reliable. 
it became clear that the graphite matrix was unsuitable for the calibration 
with Na and K as originally planned. 
appropriate selection of other elements would provide an acceptable standard 
for calibration. 

It is obvious that the sputter-source mass spectrometer 

It is also obvious 

In view of this result, 

However, a graphite matrix with an 

The analysis of a pure platinum sample showed quite unexpected results 
that demonstrated the uncertainty of current analytical methods for trace 
impurities. The sample was a single crystal, purchased from Semi-Elements, 
Inc., Saxonburg, Pennsylvania, According to the manufacturer, it contained 
no dectable impurities; the total impurity content was estimated to be 
below 1 part per million. A mass spectrum of this sample (Figure 20) as 
obtained with the sputter-ion source contains large peaks of Al, Ca and Zr 
and smaller peaks of many other elements. Because the purity of the sample 
appeared questionable, other types of analysis were carried out. Emission 
spectroscopy, performed by the Jarrell-Ash Company, Waltham, Massachusetts, 
only showed extremely faint lines of Al, Si, Fe and Ag, suggesting a con- 
centration of these elements below one part per million. A neutron activation 
analysis performed by the Union Carbide Corporation, Tuxedo, New York, did 
not show any impurities. However, only a few elements can be detected by 
neutron activation, even then the detection limits are high: Al, 14 ppm; 
Cu, 49 ppm; Ni, 40 ppm; Gay 0.14 ppm; Zr, 1900 ppm; Rh, 114 ppm; Hf, 0.9 pprn 
atomic. 
becomes highly active during neutron irradiation and must be separated 
chemically from the impurities before they can be detected. This separation 
is difficult to perform since platinum is dissolved so slowly that most of 
the activated impurities decay before the separation is complete. 

The main difficulty with this particular sample arose because platinum 

Two other promising analytical methods have not yet been applied to 
the platinum sample. The first, X-ray emission spectroscopy would be 
suitable for the detection of impurity levels of about 10 ppm above mass 
number 22 (Ti). This might just be adequate for some of the impurities. 
However, the sensitivity of this method is very poor for elements with lower 
-...ne uiaoo zumher. 
and fluorimetric methods; however, t he  compatibility with a platinum matrix 
has yet to be investigated. 

Better sensitivity can be obtained generally by colorimetric 

The second method, spark-source mass spectrometry is still the most 
sensitive and straightforward despite severe limitations in the quantitative 
interpretation of the data. Therefore, it was of great interest to us to 
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obtain an analysis of the same platinum sample made on a standard CEC spark 
source mass spectrograph. The figures given in Table 111 were obtained on 
the assumption of equal ion production for all elements in the spark source 
and for equal transmission through the analyzer. However, corrections for 
the sensitivity of the photographic plate have been applied. 
the neutron activation detection limits shows higher impurity concentrations 
for Al, Cay Ni and Ga by a factor of 3 ,  27, 10 and 35 respectively. The 
right column in Table 111 shows the results obtained with the sputter-ion 
source. The figures given represent the actual uncorrected multiplier output 
current ratio of the impurities to platinum. The sum of the peak heights of 
all isotopes of each element has been used for this purpose. 
between the two mass spectrometer measurements shows that the qualitative 
agreement generally is good since most elements were detected with both methods. 
One of the few exceptions is Ni which is a strong line in the spark source 
spectrum and hardly visible in the sputter source spectrum. The speculation 
that Ni is released by erratic sparking to the stainless steel sample holder 
of the spark source is not supported by the relative ratio of Ni to Fe and Cr. 
Quanitatively the agreement between the two methods, spark source and sputter 
source is poor. It is commonly assumed that in a spark source mass spectrometer 
the relative sensitivity for different elements is within one order of 
magnitude. However, exceptions to this rule are quite possible and the 
platinum matrix may be one of them. The relative sensitivity of the sputter- 
source mass spectrometer for different elements varies over a wider range, 
as can be seen from Table I, and it always requires an individual calibration 
to evaluate the spectra. For some elements the sensitivity is extremely high: 
Na, Al, K, Ca and Zr. For the analysis of these and probably some additional 
elements the sputter source is extremely well suited. 

* 

Comparison with 

A comparison 

It should be mentioned that the platinum sample was analyzed repeatedly 
following a variety of other materials, and the results of the platinum 
analyses were reproducible. The samples analyzed before and after the platinum 
sample did not show the impurities of the platinum at all, or only with an inten- 
sity many orders of magnitude lower. It mustytherefore, be concluded that these 
materials were really present in the sample and not introduced by the instrument. 
The peaks of Al, Cay and Zr are so high that even l/lOOO of their intensity 
can easily be seen. If the emission-spectroscopic analysis is correct and 
the concentration of these elements is less than 1 ppm, then the solids mass 
spectrometer has a sensitivity better than one part per billion for these 
particular elements in a platinum matrix. This combination of materials seems 
to be very favorable for the detection of trace impurities. However, it 
cannot be generalized that this detection limit will be reached for all trace 
impurities. 

* 
We wish to thank Dr. E. B. Owens of the Lincoln Laboratory of the 
Massachusetts Institute of Technology for testing this sample and for his 
careful evaluation of the mass spectrum. 
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TABLE 111 

ANALYSIS OF A PLATINUM SINGLE CRYSTAL 

Element Detect ion L i m i t  Spark Source Mass Spu t t e r  Source 
Neutron Act iva- Spectrograph ppm Mass Spectrometer 
t i o n  ppm Atomic Atomic c u r r e n t  r a t i o  

ppthousand 

B 
C 
N 
0 
N a  
Mg 
A1 
s i  
P 
c1 
K 
Ca 
T i  
v 
C r  
Mn 
Fe 
N i  
cu 
Zn 
G a  
Ge 
A s  
Z r  
Nb 
Rh 
Pd 
43 
I n  
Sb 
Te  
Hf 

< 14 

< 49 

< 40 

< 0.14 

< 1900 

< 114 

present  
p re sen t  

300, no t  uniform 
35 

40 
present  
present  

5 
20 

1300 
not  v i s i b l e  

10 
8 

150 
400 

10 
10 

5 
5 
2 

15 
not  v i s i b l e  

100 
40 
20 
30 
15 
30 

< 0 .9  p l a t e  foged 

1 
.8 
.1 
. 5  

.1 
not  v i s i b l e  

113 
43 

not  v i s i b l e  
not  v i s i b l e  

340 
.05 

14 .7  
.1 

2 . 7  
. 2  

1 . 9  
.1 

no t  v i s i b l e  
not  v i s i b l e  

not  v i s  i b l e  

210 
2 
1 

2.6 

.05 

not  v i s i b l e  

2.3 
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LITHIUM ISOTOPE ABUNDANCE DETERMINATION OF THE HOLBROOK METEORITE* 

An important a p p l i c a t i o n  of the s o l i d s  mass spectrometer  i s  t h e  a n a l y s i s  
of e x t r a - t e r r e s t r i a l  material. I n  p a r t i c u l a r ,  t he  de te rmina t ion  of t h e  
abundance r a t i o  of t h e  i so topes  Li7 /Li  6 i n  me teo r i t e s  has  been of g r e a t  
i n t e r e s t  i n  connect ion wi th  t h e  nuc lear  syn thes i s  of t h e  l i g h t  elements.  
Shima and Honda(1) have found a value of 10.5 f o r  t h r e e  chondr i t e s ;  t h i s  
r a t i o  i s  s l i g h t l y  below t h e  va lue  of 12.0** found f o r  terrestr ia l  rock  samples 
under the  same experimental  condi t ions .  
have found t h a t  m e t e o r i t i c  and t e r r e s t r i a l  L i 7 / L i 6  i so tope  r a t i o s  do agree  
w i t h i n  2%. 

More r e c e n t l y  Krankowsky and Mueller(2) 

T e s o l i d s  mass spectrometer  was used f o r  several measurements of t h e  
L i7 /L i  r a t i o  on a small po r t ion  (about 0.4 g) of t h e  Holbrook me teo r i t e ,  
which was chipped o f f  from a l a r g e r  fragment. Although t h e  i n v e s t i g a t i o n  i s  
s t i l l  i n  progress ,  t h e  pre l iminary  r e s u l t s  appear t o  be s u f f i c i e n t l y  important 
t o  j u s t i f y  i n c l u s i o n  i n  t h i s  r e p o r t .  A s  i nd ica t ed  i n  a previous sec t ion ,  
t h e  b a s i c a l l y  new f e a t u r e  of t he  present  instrument  is i t s  a b i l i t y  t o  analyze 
t h e  b u l k  material wi thout  any chemical prepara t ion .  

k 

Since t h e  primary ion  beam i s  focused t o  a small spot  of only about 
1/10 nun2 area it i s  poss ib l e  t o  analyze such small areas of t h e  sample. 
moving t h e  sample relative t o  the  beam one ob ta ins  a p i c t u r e  of t h e  d i s t r i b u -  
t i o n  of any p a r t i c u l a r  element. It was found t h a t  t h e  me teo r i t e  material i s  
extremely inhomogeneous: some areas do not  con ta in  any d e t e c t a b l e  amount of 

d e t e c t a b l e  minimum. It seems t h a t  the average L i  conten t  of 1 - 2  ppm, which 
has  been measured by o the r s ,  is mainly t h e  r e s u l t  of a few s m a l l  areas of 
r e l a t i v e l y  h igh  concent ra t ion ;  between t h e s e  areas t h e  concent ra t ion  of 
Li thium i s  very  low. The inhomogeneity of t h e  sample supports  t h e  hypothesis  
t h a t  me teo r i t e s  are conglomerates of materials of q u i t e  d i f f e r e n t  o r i g i n .  

By 

' Lithium, o t h e r s  con ta in  r e l a t i v e l y  l a r g e  amounts, w e l l  above 100 t i m e s  t h e  

7 6  

which are r i c h  i n  Lithium. Even under these  cond i t ions ,  t he  output  s i g n a l  
a t  t h e  mass spectrometer  ion  c o l l e c t o r  w a s  r a t h e r  s m a l l  and r equ i r ed  
i n t e g r a t i o n  over several minutes t o  provide s u f f i c i e n t  accuracy i n  t h e  
presence of t h e  s t a t i s t i c a l  f luc tua t ions .  For  t h i s  purpose, t h e  two peaks 
a t  mass 6 and 7 were scanned repea ted ly  a t  a speed of twenty seconds per  
scan  and t h e  r e s u l t s  of f i f t y  such scans were averaged by means of a D i g i t a l  

The measurements of t he  L i  / L i  r a t i o  were performed only a t  l o c a t i o n s  

~ * 
The i n v e s t i g a t i o n  was undertaken a t  t h e  sugges t ion  of D r .  E. L.  Fireman of 
cue Smithsonian Asirvphysical G ~ s E ~ x z ~ G ~ ~ ,  W ~ O  Z?SG provided a ~ ~ ~ p l e  of 
t h e  Holbrook meteor i te .  

L 1  

#& 

These f i g u r e s ,  as w e l l  as the  following, are t h e  r a t i o s  of t h e  mass-peak 
h e i g h t s  without  any c o r r e c t i o n  for  mass d iscr imina t ion .  
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Memory Osci l loscope.  The r e s u l t s  of s i x  d i f f e r e n t  measurements are: 
Li7 /Li6  = 9.5, 27.9, 16.9, 21.3, 19.0,  15.1. 
The a s ton i sh ing  r e s u l t  i s  t h a t  such very  l a r g e  v a r i a t i o n s  of t h e  Li7 /Li6  
r a t i o  do occur .  
t h e  1000 seconds used f o r  each measurement, t h e  primary ion  beam pene t r a t e s  
about 20 microns i n t o  the  sample and any v a r i a t i o n  wi th  depth i s  averaged 
out .  The f i r s t  t h ree  measurements were performed a t  t h e  same spo t  w i t h  
inc reas ing  depth,  t h e  o t h e r s  a t  d i f f e r e n t  spo t s .  For each measurement, 
about 5 x 10-6 g of the me teo r i t e  material was consumed conta in ing  less 
than  10" g of Lithium. 

(See F igure  2 1  l e f t  s i d e . )  

The a c t u a l  v a r i a t i o n s  are probably even l a r g e r  s i n c e  during 

According t o  t h e  theory  of W. A. Fowler e t  a l .  (3) about t he  formation 
of t h e  l i g h t  elements,  i t  i s  assumed t h a t  o r i g i n a l l y  t h e  same number of Li6  
and L i 7  n u c l e i  were produced by high energy s p a l l a t i o n  r e a c t i o n s  and t h a t  
t h e  present  devia t ions  from t h e  o r i g i n a l  r a t i o ,  Li7/Li6 = 1, are t h e  r e s u l t  
of d i f f e r e n t  neutron r e a c t i o n s ,  p r imar i ly  t h e  r e a c t i o n  Li6(n,a)  -+ T3, which 
has  consumed most of L i b  and increased  the  r a t i o  L i 7 / L i 6 .  
v a r i a t i o n s  of t h i s  r a t i o ,  which w a s  observed, i n d i c a t e  t h a t  t he  small 
p a r t i c l e s  which comprise t h e  me teo r i t e  were exposed t o  d i f f e r e n t  amounts 
of neut ron  r a d i a t i o n .  Perhaps, t h e  p a r t i c l e  w i th  t h e  low r a t i o  9.5 spent  
a cons iderable  t i m e  i n  t he  i n t e r i o r  of a l a r g e r  body, where it was sh ie lded  
from the  neutron f l u x ,  whereas the  par t ic les  wi th  t h e  h igh  r a t i o  were loca ted  
near  the  su r face .  It may be assumed t h a t  t h i s  l a r g e r  body w a s  broken up i n  
a c o l l i s i o n  and t h a t  t he  small p a r t i c l e s  reconglomerated t o  form the  me teo r i t e .  

The l a r g e  

I n  order  t o  check t h i s  r e s u l t  it was decided t o  r e p e a t  t he  measurement 
w i t h  a t e r r e s t r i a l  sample which produces a Lithium peak of about t h e  same 
i n t e n s i t y .  The r e s u l t s  from Hornblende are: 12.05, 12.57, 12.53, 10.75, 
11.39, 11.32. (See Figure 2 1  r i g h t  s i d e . )  It i s  obvious t h a t  t hese  
v a r i a t i o n s  are much smaller than  those  found on t h e  me teo r i t e .  Fu r the r  
measurements w i l l  be  necessary t o  decide whether t hese  r e l a t i v e l y  s m a l l  
v a r i a t i o n s  on the  terrestrial  material are genuine o r  caused by s t a t i s t i c a l  
f l u c t u a t i o n s  of the small L i  i on  cu r ren t .  Measurements on pure metall ic 
Lithium, where the ion  cu r ren t  w a s  high,  gave q u i t e  c o n s i s t e n t  r e s u l t s  which 
v a r i e d  by less than 1%. I n  t h i s  r e s p e c t ,  t h e  s p u t t e r - i o n  source w a s  f a r  
s u p e r i o r  t o  t h e  customary thermionic  source where t h e  Li thium peak he igh t  
r a t i o  inc reases  by about 10% w i t h i n  a few hours a f t e r  a new sample has  been 
introduced.  

Since the  work w a s  concent ra ted  on Lithium, only  one mas spectrum w a s  
ob ta ined  over a wider mass range. From t h e  i n t e n s i t i e s  of Mg34 and Si28, 
s ing ly ,doubly ,  and t r i p l y  cha ged i t  w a s  poss ib l e  t o  exclude t h e  p o s s i b i l i t i e s  
of i n t e r f e r e n c e  of L i  6 by Mg 2E,4+'and of L i 7  by si28,4+. It should a l s o  be 
mentioned t h a t  on t h i s  p a r t i c u l a r  spectrum a f a i r l y  l a r g e  peak a t  mass 11 was 

* 
Nuclear Data, Inc. ,  ND-800 Enhancetron 1024. 
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11 present  which we a t t r i b u t e  t o  B 
should be present  w i th  an i n t e n s i t y  of about 25% of B". 

of t he  small cu r ren t  and t h e  s h o r t  t i m e  of t he  scan over t h e  peak. 
i t  is  more l i k e l y  t h a t  t he  proce s BIO (n ,a )  --f L i 7  a c t u a l l y  took p l ace  and 

Before such a statement can be made wi th  c e r t a i n t y  it  w i l l  be  necessary  t o  
measure t h e  Boron i so topes  wi th  the  same accuracy as the  Lithium i so topes ,  
t o  c o r r e l a t e  t h e  l o c a t i o n  of t hese  and o the r  elements i n  t h e  me teo r i t e ,  and 
t o  extend the  measurements t o  o the r  meteor i tes .  

. However, t h e r e  w a s  no trace of BIO which 
It i s  poss ib l e ,  

b u t  no t  l i k e l y ,  t h a t  t he  BIO peak was absent  because of s t a t i s t i c a l  f l u c t u a t i o n s  w 

However, 

has  dep le t ed  BIO and enr iched  L i  3 as it has  been proposed by Fowler e t  a1.(4) 
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MINIATURIZATION OF THE SOLIDS MASS SPECTROMETER FOR A LUNAR MISSION 

The laboratory mass spectrometer described previously which is shown 
in Figure 22 was designed for maximum sensitivity without particular regard 
to weight and power. Even so, it is considerably more compact than spark- 
source spectrometers of comparable performance. Clearly, however, it is 
not suitable for space applications in its present form (78 cu. ft, 2000 lb, 
4000 watts). 

The approach to miniaturization can take two forms : 

(1) The smallest instrument for lunar application with the same 
performance as that of the laboratory instrument. 

(2) The performance of a scaled-down instrument compatible with 
spacecraft requirements. 

It can be shown that in the former case, the instrument would be 6 cu. ft, 
200 lbs, and require 2000 watts, This is considerably beyond the capability 
of early lunar probes, and we are compelled to confine ourselves to the latter 
approach, where a realistic design objective appears to be an instrument of ‘ 

at most 1 cu ft, weight 30 lb, requiring 30 watts. 

These conclusions arise from the following considerations: if the same 
resolution and sensitivity as in the laboratory device are to be obtained, 
then only minor changes can be made in the duoplasmatron ion source and 
in the mass analyzer. Use of lighter structural materials will result in 
little weight reduction since most of the weight is due to the electromagnet. 
Any weight reduction obtained by replacing stainless steel parts by aluminum 
or aluminum alloy will probably be made up by the severe structural requirements 
to withstand shock and vibration and to prevent misalignment of the electric 
and magnetic field adjustments which are critical for both resolution and 
sensitivity. 

The only major simplifications which are possible in the lunar instrument 
without loss of sensitivity and resolution are the elimination of the vacuum 
pumps and the miniaturization of the electronics. Elimination of the vacuum 
pumps results in reduction of bulk, weight, and power consumption, as does 
miniaturization of the electronics. However, there remains the power consumed 
by the electromagnet in the analyzer which cannot be replaced by a permanent 
magnet without limiting the mass range of the instrument, as discussed in 
more detail later on. 

A s  already indicated, these modifications reduce the volume by a factor 
of 13, the weight by a factor of 10 and the power by a factor of 2 ,  but 
they do not go far enough. Some limitations in performance have to be 
accepted in return for drastic reductions in volume, weight, and power 
consumption. 
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Ion Source 

A major disadvantage of the  duoplasmatron ion  source i s  i t s  hot  f i l ament  
which r e q u i r e s  about 100 w a t t s :  i t s  l i m i t e d  l i f e  e n t a i l s  some r i s k  regard ing  
ins t rumenta l  r e l i a b i l i t y .  The proposed instrument w i l l ,  t h e r e f o r e ,  use  a 
cold-cathode ion  source which i s  burnout proof and whose power consumption 
i s  n e g l i g i b l e  i n  comparison. However, t h e  u s e f u l  i o n  beam c u r r e n t  dens i ty  
i s  smaller, and w i l l  thus  lower t h e  s e n s i t i v i t y  of t h e  mass spectrometer .  

Analyzer 

Min ia tu r i za t ion  of t h e  analyzer  without  s a c r i f i c e  of r e s o l u t i o n  r e q u i r e s  
t h a t  t h e  s l i t s  be reduced p ropor t iona l ly .  For example, a l i n e a r  reduct ion  
by a f a c t o r  of 1 / 2  w i l l  reduce the  weight t o  1/8 and t h e  s l i t  area and 
t ransmiss ion  t o  1 /4  o r  even l e s s  i f  t he  image e r r o r s  can not  be neglected.  
A more se r ious  i n t e n s i t y  loss i s  caused by t h e  f a c t  t h a t  t he  r a d i u s  of t h e  
o r b i t  i n  t h e  magnetic f i e l d  has  a l s o  t o  be reduced by 1 / 2 ,  which r equ i r e s  
t h a t  t h e  a c c e l e r a t i o n  vo l t age  has  t o  be reduced t o  1/4 i f  t he  magnetic f i e l d  
s t r e n g t h  i s  kept  cons t an t .  This  i n t e n s i t y  l o s s  w i l l  be  more s e r i o u s  i n  t h e  
upper p a r t  of t he  mass range where the a c c e l e r a t i n g  vo l t age  i s  low, even 
be fo re  the  r educ t ion  i n  s i z e .  
be assumed t h a t  r educ t ion  t o  h a l f  s i z e  w i l l  reduce t h e  output  c u r r e n t  by 
about one o rde r  of magnitude. 
spectrometer  i s  h igh  enough t o  de t ec t  some impur i t i e s  i n  the  p a r t s  per  
b i l l i o n  range, it can be expected t h a t  t h e  minia tur ized  instrument w i l l  s t i l l  
have enough s e n s i t i v i t y  t o  measure a l l  major c o n s t i t u e n t s  and t o  d e t e c t  t he  
more abundant impur i t i e s .  It i s  be l ieved  t h a t  t h i s  a i m  i s  adequate f o r  e a r l y  
surveyor  f l i g h t s .  The development of a more s e n s i t i v e  instrument  f o r  s p e c i a l  
purposes,  such as age de te rmina t ion ,  should be postponed u n t i l  t h e  major 
composition of t he  moon i s  known and u n t i l  t he  weight l i m i t a t i o n s  of such an  
instrument  can be re laxed .  
magnetic ana lyzer ,  success fu l  opera t ion  of t h i s  type of mass spectrometer 
w i t h  a cold-cathode ion  source and a permanent magnet can  be p red ic t ed  wi th  
confidence . 

From previous experimental  experience,  i t  can 

Since t h e  output  cu r ren t  of t he  present  mass 

I n  the  l i g h t  of cons iderable  experience wi th  a 

Magnet 

For  reduced power consumption, a permanent magnet appears p re fe rab le  t o  
t h e  p re sen t  electromagnet.  
i n  d i f f i c u l t i e s  of scanning over a wide mass range. 

consumption of t he  motor and the quest ionable  r e l i a b i l i t y  are s e r i o u s  drawbacks. 
Electr ic  scanning over a s m a l l  mass range i s  p r e f e r a b l e  a l though it w i l l  cause 
a moderate amount of mass d iscr imina t ion ,  which can be determined during t h e  
c a l i b r a t i o n  tes ts .  However, a l a r g e r  mass range (1-100) can not  be covered 
by t h i s  simple method s i n c e  t h e  a c c e l e r a t i o n  vo l t age  would be e i t h e r  t oo  low 

However, t h e  use  of a permanent magnet r e s u l t s  
Var i a t ion  of t he  magnetic 

f i e l d  w i t h  a motor -dr iven  sk i r ; t  seema to bs feasible; hcwsver, the power 
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f o r  t he  heavy masses o r  too  h igh  f o r  l i g h t  masses. The t ransmiss ion  of t h e  
ana lyzer  and the  s e n s i t i v i t y  of t he  instrument would be seve re ly  diminished 
i f  t he  a c c e l e r a t i o n  vo l t age  i s  reduced below 500 v o l t s .  On the  o the r  hand, 
i n s u l a t i o n  d i f f i c u l t i e s  w i l l  s t a r t  a t  about 5000 v o l t s .  Within these  vo l t age  
l i m i t s  a mass range of one o rde r  of magnitude can  be covered. 
f o r  t he  expected major l una r  c o n s t i t u e n t s  S i ,  A l ,  Fe ,  Mg, Ca, N a ,  K which are 
a l l  w i t h i n  the  mass range 23 t o  58. I f  an a c c e l e r a t i o n v o l t a g e  of 1000 v o l t s  
i s  chosen f o r  mass 58 then  mass 23 r e q u i r e s  2500 v o l t s .  A scanning mass 
spectrometer  f o r  only t h i s  l imi t ed  mass range can be made very  l i g h t  and 
r e l i a b l e .  Since it can provide information of g r e a t  i n t e r e s t  about t he  b a s i c  
composition of the moon's su r f ace ,  it i s  recommended f o r  t he  e a r l y  surveyor 
f l i g h t s .  

This  i s  adequate 

For l a te r  f l i g h t s ,  i t  w i l l  be d e s i r a b l e  t o  extend t h e  mass range. Most 
of t he  above-mentioned elements w i l l  be  present  as oxides ,  bu t  perhaps some 
w i l l  be  i n  the  form of hydroxides,  carbonates  and ch lo r ides .  Information 
regard ing  the  ex i s t ence  of t hese  compounds on t h e  moon i s  important ,  s i n c e  
i t  might open t h e  p o s s i b i l i t y  t o  produce such l i f e - s u p p o r t i n g  materials as 
oxygen and water from luna r  minera ls .  
i s  necessary t o  cover t h e s e  heavier  molecular ions  and a downward ex tens ion  
t o  cover the  fragment ions  C ,  0, OH and OH2. I n  a d d i t i o n ,  t he  l i g h t  masses 
H ,  D and H e  are of g r e a t  s c i e n t i f i c  i n t e r e s t  s i n c e  these  gases  are t h e  main 
c o n s t i t u e n t s  of the s o l a r  wind. It i s  poss ib l e  t h a t  during the  prolonged 
exposure of t h e  lunar  su r face  l a r g e  amounts o t  t hese  gases  have become 
absorbed the re .  An extens ion  of t he  mass range down t o  mass 1 and up t o  a t  
l e a s t  mass 80 would t h e r e f o r e  be d e s i r a b l e .  

An upward ex tens ion  of t h e  mass range 

I n  order  t o  extend t h e  mass range i t  i s  proposed t o  use t h r e e  ion  c o l l e c t o r s .  
These w i l l  be loca ted  i n  d i f f e r e n t  pos i t i ons  re la t ive  t o  the  magnetic f i e l d ,  
such t h a t  t h e  th ree  mass ranges covered by them over lap  s l i g h t l y .  

A double-focussing mass ana lyzer  which i s  s u i t a b l e  f o r  s imultaneously 
supplytey more than one ion  c o l l e c t o r  was f i r s t  designed by Mattauch and 
Herzog 
toge the r  wi th  H a l l ,  Howden and Iwasaki.(') 
ment has  been descr ibed by Spencer and Reber.(7) 
a l r eady  been flown s u c c e s s f u l l y  i n  the  Explorer 1 7  s a t e l l i t e  f o r  t h e  measurement 
of atmospheric c o n s t i t u e n t s  from mass 4 (He) t o  mass 32 ( O z ) ,  it r e p r e s e n t s  a 
good s t a r t i n g  point  f o r  t he  design of a f l y a b l e  s o l i d s  mass spectrometer .  The 
mass analyzer  of t h i s  instrument  has  s i x  ion  c o l l e c t o r s  which are permanently 
tuned t o  the  masses 4 ,  14, 1 6 ,  18,  28, 32. Since t h e  e l ec t rome te r  can be 
switched from one c o l l e c t o r  t o  t h e  next  scanning i s  performed a t  cons tan t  
vo l t age  and magnetic f i e l d .  This  instrument weighs 1 2  l b s  and i t s  power 
consumption i s  20 w a t t s .  

and has been r e c e n t l y  adapted t o  space r e s e a r c h  by E .  B.  Meadows(5) 
The f i n a l  v e r s i o n  of t h i s  i n s t r u -  

Since t h i s  instrument has 

I 

~~ ~ 

58 



This analyzer can easily be combined with a sputter-ion source for solids 
to analyze the lunar surface. Two versions are promising: 

A.) A simple instrument with seven ion collectors, in fixed positions, 
permanently tuned to the main peaks of the major constituents: 23 (Na), 24 ( M g ) ,  
27 (Al), 28 (Si), 39 (K), 40 (Ca), 56 (Fe). Advantages of this instrument 
over the single range scanning spectrometer mentioned earlier are: 1) Simpler 
telemetry, since only the peak heights and not the peak shapes have to be 
transmitted, and also,because switching between the collectors is quite slow 
(8 seconds for each collector). 
accumulated over the whole sweep time of 56 seconds, which eliminates the 
need for electron multipliers. The disadvantages are: 1) Other elements can 
not be detected, even if present in large amounts. 2 )  All data may be lost 
if the tuning of the instrument is disturbed slightly by shock or by extreme 
temperatures. The scanning instrument described before is free of these 
drawbacks. 

2)  The charge on each collector can be 

B.) A more sophisticated instrument with three exit slits and three 
electron multipliers, and with electric scanning. The three outputs would 
cover the overlapping mass ranges 1-8, 7.5-60 and 30-240. One telemetry channel 
is sufficient, if it is switched from range to range during successive scanns. 

The field arrangement of the double focussing mass analyzer mentioned 
previously is not well suited for this purpose, because extension of the 
mass range from mass 32 to 240 requires a magnetic field 2.7 times larger. 
This would increase the weight seven-fold which is considered prohibitive 
for a lunar flight instrument. 
a heavy magnet. Figure 23 is a rough sketch of such a basic instrument shown 
in full size. 
Theory of8?ouble Focussing Mass Spectrometers" developed by R. Herzog and 
P. Hauk. The magnet for this arrangement will have the same field strength 
(3500 gauss) and approximately the same weight as that flown by Spencer and 
Reber. The exit edge of the pole piece is almost straight but does not project 
through the entrance point. 
field are in the same direction, similar to the instrument of Bainbridge and 
Jordan. ( 9 )  

Other field arrangements do not require such 

This mass spectrometer was computed on the basis of the "General 

The deflections of the electric and magnetic 

The primary ion beam is generated in a Penning type, cold cathode inn 
source 1 and focussed by the lens system 2 onto the sample 3 .  
ions are drawn off from the sample by the lens system 4 and concentrated on 
the entrance slit 5 .  The beam is deflected in the electric field 6 and in 
the magnetic field 7 and focussed on the exit slits 8 ,  9 ,  and 10. Behind 
each ex i t  slit is e i ther  G sepsratc z l e z t r o n  ;;r;ltfp?isr o r  ii detection system 
as described by Daly(10) consisting of an ion-electron converter, a plastic 
phosphor and a photomultiplier. 
be replaced by a P-N junction as described by White et al. 
are located at the positions of the images of the entrance slit produced by 
different masses. 

Secondary 

The plastic phosphor and he multiplier can 
The exit slits 

Slit 8 would cover the mass range 1 to 8 if the acceleration 
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vo l t age  i s  swept over from 4000 t o  500 v o l t s .  Under t h e  same cond i t ions  
s l i t  9 would cover the  mass range 7.5 t o  60 and s l i t  10 t h e  range 30 t o  240. 
The l o c a t i o n  of t he  s l i t s  8, 9 ,  and 10 i s  such t h a t  ions  which leave t h e  
sample wi th  d i f f e r e n t  i n i t i a l  v e l o c i t i e s  are focussed (double-focussing 
spec t rometer ) .  

One c h a r a c t e r i s t i c  f e a t u r e  of t h i s  f i e l d  arrangement i s  t h a t  a real 
image of t he  en t rance  s l i t  is loca ted  between the  e lec t r ic  and magnetic 
f i e l d .  
focussed.  
independent of t h e  angular  spread of t h e  beam a t  the  en t rance  s l i t  and can 
t h e r e f o r e  be b e t t e r  con t ro l l ed .  

The wide s l i t  11 a t  t h i s  p o s i t i o n  l i m i t s  t h e  v e l o c i t y  range t o  be 
The advantage of t h i s  instrument i s  t h a t  t h e  v e l o c i t y  range i s  

The method t o  be used f o r  exposure of l una r  su r face  material t o  t h e  
bombarding beam depends on whether an instrument  can be  sof t - landed  on a 
s u f f i c i e n t l y  smooth and f l a t  sur face .  
necessary  t o  provide a hole  i n  a t h i n  t a r g e t  p l a t e  which i s  lowered s lowly 
u n t i l  i t  touches t h e  su r face  and the luna r  material plugs the  hole .  Since 
t h e r e  i s  no assurance t h a t  t hese  condi t ions  can be m e t ,  an  a l t e r n a t i v e  s o l u t i o n  
c o n s i s t s  of a t a r g e t  ho lder  which permits t h e  in t roduc t ion  of powdered o r  
g ranu la r  material. 
l una r  material f o r  a n a l y s i s  - and t o  drop it on t h e  t a r g e t  holder .  
a d d i t i o n a l  sample prepara t ion  i s  necessary.  The t a r g e t  ho lder  w i l l  a l s o  
permit t he  i n t r o d u c t i o n  of t e r r e s t r i a l  material of known composition f o r  
i n - s  i t u  c a l i b r a t i o n  of t he  instrument . 

I n  t h i s  ca se ,  it would only  be 

It w i l l  then  be s u f f i c i e n t  t o  pu lve r i ze  a small amount of 
No 

An inst rument  of type  B w i l l  r e l i a b l y  y i e l d  maximum amounts of a n a l y t i c a l  
d a t a  w i t h i n  moderate l i m i t s  of s i z e  and weight. 
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